Abstract Intracellular K+ activity (aKi) and transmembrane potential differences were simultaneously measured with double-barreled K+ selective microelectrodes in superfused canine submandibular glands at rest and during stimulation. Also intracellular K+ and Na+ concentrations in the same gland were determined by chemical analyses for comparison with the intracellular K+ activity data. The activity coefficient for intracellular K+ thus obtained was 0.67, indicating that virtually all K+ ions in the cells are in diffusible and osmotically active form. Under control conditions, measured values of the resting membrane potential (Em), aK and K+ equilibrium potential (EK) were -40.2+0.6 mV (S.E., n=163), -88.5+1.4 mM (S.E., n=163), -83 mV respectively. Electrochemical potential differences for K+ across the basolateral membrane (d PKIF) were approximately ±43 mV. Acetylcholine (ACh) induced an abrupt membrane hyperpolarization followed by a temporary fall of aKi. The maximum rate of aKi change in the cytoplasm during stimulated conditions was -35.5+0.9 mM f min on the average (n= l0). These results suggest that the membrane permeability increases to K~ upon stimulation. Possible changes in membrane permeabilities to Na+ and Cl-were also discussed. Applying a microelectrode technique, LUNDBERG (1955) first recorded the resting membrane potential of cat submandibular gland cells. He found that the transmembrane potential rapidly hyperpolarized when chorda tympani was stimulated. BURGEN (1956) demonstrated that the salivary gland in the dog lost K+ to blood and saliva during the first period of secretion (K+ transient). Since then, the roles of K+ and other ions in secretory mechanisms in the gland cells have became of great concern among investigators. Subsequently, the ionic dependency of the electrical events induced by stimulation has been investigated in
various species (IMAI, 1965; MANGOS et al., 1973; KAGAYAMA and NISHIYAMA, 1974; NISHIYAMA and PETERSEN, 1974) . These studies indicated the occurrence of drastic changes in ionic permeabilities of the membrane. IMAI (1965) found that in canine submandibular gland, an increase in external K+ concentration (CK°) not only lowered the resting membrane potential but reduced the magnitude of hyperpolarization evoked by chordal nerve stimulation. He concluded that the stimulation induced a K+ release from the glandular cells, and the hyperpolarizing response would be the result of a increased K+ permeability of the basolateral membrane of cells.
The present study was designed to measure the intracellular K+ activity and the transmembrane potential with double-barreled K+ selective electrodes, and to estimate the electrochemical potential gradient for K+ across the basolateral membrane at rest and under stimulated conditions at various extracellular K+ concentrations. Our results indicate that the intracellular K+ tends to diffuse down its electrochemical potential gradient across the basolateral membrane in both the resting and stimulated states. ACh caused a marked hyperpolarization, but the transient K+ outflux from cells also occurred due to remaining outward driving force. From observed changes of partial conductances of Nat, K+, and C1 induced by the stimulation, it is suggested that not only K+ but also Na+ and Clconductances significantly increase upon stimulation.
METHODS
Animal. Thirty-three randomly selected mongrel dogs weighing 7-17 kg were anesthetized with intravenous injection of thiopental sodium (35-50 mg/kg weight, i.v.). A few thin slices were quickly removed from the surface of exposed submandibular glands and one slice was fixed in a lucid chamber bath (8 ml volume) The temperature of superfusate was monitored with a microthermister (Baily, Model BAT-4) and maintained at 38+2°C throughout the experiment. The thermister was positioned close to the tissue. The remainder of the slices were incubated in control solution at 37°C until used for additional experiments.
Electrode fabrication. Two types of K+ selective microelectrodes, singleand double-barreled, were employed in this study to measure intracellular K+ activity. The method of fabrication of a double-barreled K+ selective microelectrodes was basically the same as that described by FuJIMOTO and KUBOTA (1976) or MORI (1980) . Briefly, the fiber built-in capillaries (1.1 mm 0. D. by 0.68 mm I.D.) were made from Pyrex glass tubing (10 mm O.D. by 6.8 mm I.D.) with a puller. The mid-portion of a pair of capillaries was heated, twisted along its longitudinal axis and then pulled. The tip of double-barreled electrode was less than 1 µm. The inside surface of the K+ selective barrel was silanized by dipping the tip in 0.1 % (w/v) or less of liquid silicone Shinetsu Chemical, Co.) in trichloethylene, while the reference barrel for recording transmembrane potential was protected from silanization by filling it with pure acetone in advance. Thereafter, the electrodes were baked in an oven for 20 min at 250°C. The K+ liquid exchanger (Corning, 477317) was back-filled until the exchanger column became approximately 500 ,um in length from the open tip. The remaining portion of the K+ selective and reference barrels were filled with filtered 0.5 M KCl and 1.0 M NaCI solutions respectively. Single-barreled K+ selective electrodes were constructed in the same manner as that mentioned above for the K+ selective electrode.
Calibration. All K+ selective electrodes were calibrated in the isotonic mixture (constant ionic strength : 0.15) of NaCI-KC1 solutions of different K+ concentrations maintained at 37+2°C. The activity coefficients for Na+ and K+ used for calibration were calculated from the modified Debye-Huckel equation (ROBINSON and STOKES, 1965) and had values of 0.73 and 0.75, respectively. The electrode sensitivity to K+ (slope constant : a) and selectivity coefficient for K+ over Na+ (KK: Na) were computed from linear regression curve fitting by a laboratory computer. The mean slope constant for K+ was 57.2 mV/decade of K+ activity change, and the KK;Na was approximately 0.025 at 37°C. The tip potential was less than 5 mV. The response time (95 %) of K+ electrode for K+ change was less than 1 sec when the electrode was rapidly put through the two thin plates of agar composed of different K+ concentrations.
Intracellular recordings. A schematic drawing of the experimental setup is shown in Fig. 1 . To avoid and electrical leakage, the microelectrode was mounted on a teflon plate which was connected to a rod of stepmotor-driven micromanipulator (Narishige, MO-81). The electrodes tips were first positioned near the tissue with aid of a stereomicroscope and the cell penetration was carried out by remote control. Individual outputs of double-barreled electrode were connected to a Keithley 610 C (ion barrel) and WPI MA-4 (reference barrel) via Ag-AgCI wires. The K+ signal was obtained differentially (ion output-reference output) with respect to a calomel standard electrode connected to perfusate through 3 agar bridge with 3 M KCI. All outputs were displayed with digital voltmeters and recorded with the multi-channel recorders. The microelectrodes used in the present experiment were allowed to equilibrate in control solution for at least 30 min before use. aKi was calculated from Eq. l :
where, aK°, aNa, and aNa denote extracellular K+ and Na+ activity and intracellular Na+ activity, respectively, a and Eion represent slope constant for K+ and output of ion barrel, respectively. Since aNa and KK:Na are assumed to be small, the last column of Eq. 1 was neglected in this study. By the use of an additional double barreled K+ macro-electrode (tip diameter was less than 5 gm), extracellular K+ activity near the cell was determined when K+ ion in the perfusate was raised. When the electrode was advanced into the extracellular space approximately 100 um depth from the tissue surface in the chamber, an abrupt elevation of K+ activity SUBMANDIBULAR GLAND CELL 1081
was frequently observed which was apparently due to the cellular damage. Then, it slowly disappeared within 20 min in control perfusates. The cellular impalement was made after the extracellular K+ activity showed a stable value. The properties of K+ selective macro-electrode did not change substantially from those of intracellular use. Chemical analysis. From each gland, approximately 250 mg of tissue was rapidly taken and dissolved in 1 ml of 0.1 N HNO3. Then, the dissolved samples were filtered and diluted once with distilled water as described by WHITE (1977) . Measurement of K+ and Na+ concentrations was made with an Eppendorf flamephotometer.
Solutions. The control solution containing (in mM) Nat, 141.7; K+, 4.7; HPO2-1, Cat, 2; Mgt, 1; Cl-, 128.7; glucose, 3 was buffered with 25 mM of bicarbonate to give a pH of 7.4 when it was gassed with 95% 02+5% CO2. When the K+ in the perfusate was reduced, it was periodically replaced by Nat The stimulation for acinar cells was performed by direct application of l ,ug ACh into the tissue bath. All data were given as mean±S.E.
Statistical analysis was done using Student t-test.
RESULTS
The data of aK i and intracellular K+ concentration measured with K+ selective electrodes and by chemical analyses are summarized in Table 1 . Under control conditions at rest, agi and Em determined with double-barreled K+ electrode averaged 88.5±1.4 mM (n=163) and -40.2±0.6 mV (n=163), and by single barreled K+ electrode method, 89.9±6.4 mM (5 glands) and -41.9±2.7 mV (5 glands), respectively. The mean values estimated by two types of K+ electrodes were not significantly different. Intracellular K+ (CK') and Na+ (CNa) concentrations determined by chemical analysis were 132 and 27 mM respectively. From these values, the activity coefficient for intracellular K+ was estimated to be of approximately 0.67 (agi/Cgi). The calculated EK across the basolateral membrane in the resting state was -83 mV. It is obvious that the resting membrane potential was far less than Nernstian equilibrium for K+, indicating the presence of a down-hill driving force for K+ toward the extracellular space, by about +43 mV. Figure  2 shows the relationship between aKi and Em measured in the same cell at rest with double-barreled microelectrodes. It is seen that Em tended to fall with decreased aKi. The correlation factor for the relation was 0.652 (p<0.01).
ACh-induced membrane hyperpolarization (dEm) and aKi change Because of sudden contractions of myoepithelial cells and ductal distention due to salivary secretion, it was very difficult to obtain reliable data during the stimulated state, as mentioned by PoULSEN and OAKLEY (1978) . Nevertheless, we succeeded in recording aKi and Em simultaneously in 10 cells, before, during, and after the stimulation with Ach. Figure 3 shows one of the successful recordings of ACh-induced changes in aKi and Em.
The upper trace represents the output of K+ electrode. The middle indicates the membrane potential, and the lower shows the intracellular K+ signal obtained as a difference between the above two. The ACh caused an abrupt membrane hyperpolarization, followed by a temporary decrease of aKi, and subsequently a recovery to the original level. The dEm evoked by ACh was -17.8±1.7 mV (n=10) in control solution, whereas aKi decreased by -15.3 ±2.4 mM (n=10). It should be noted that in the early period of stimulation, Em showed a maximum hyperpolarization prior to reaching a minimum value of aKi. The time delay required for this was approximately 10 sec. The maximum change of aKi obtained from 10 different cells during ACh stimulation was -35.5±0.9 mM/min. If we assume that intracellular K+ activity coefficient is equal to that of physiological saline solution (r=0.73), this change in aKi corresponds to the change of K+ concentration by about -48.6 mM/min. Since no marked change of aKi was detected by a K+ selective macro-electrode, the influence of changes in extracellular K+ on Em was neglected in this study. The return of aKi and Em to original level was completed within 5 min. This recovery process would probably be due to the activation of the Na-K ATPase located in the basolateral membrane (PETERSEN,1970; BUNDGAARD et al., 1977; NAKAGAKI et al., 1978) . Biphasic responses of Em hyperpolarization were frequently observed in the present experiment. When the superfusion flow was temporarily stopped during stimulation, a monophasic hyperpolarization, as reported by IMAI (1965) , was usually recorded. Therefore, we considered that the biphasic response might be produced by the recirculation of ACh in the bathing chamber.
Effect of extracellular K+ concentration upon Em, dEm, and EK
The effects of changing K+ concentration in the perfusates on Em, dEm, and EK were examined in separate 5 dogs. The K+ concentration of the perfusion solution was raised to 15, 50, and 100 mM. The data is summarized in Table 2 . The Em and dEm decreased as the extracellular K+ elevated to 100 mM, while aKi remained unchanged in the resting state. When CK° was elevated to 15, 50, and 100mM, we failed to record the aKi change continuously during stimulation. Accordingly, we measured only dEm with conventional electrodes. It was seen that dEm caused by ACh was suppressed as CK° was increased and that dEm was nullified when Em approached the EK. Assuming that the K+ activity coefficients in the perfusates containing different K+ concentrations are constant (r=0.73), the ratios of the mean CK° measured in the vicinity of the cell to the K+ concentration of the perfusate were 5.2/4.7, 15.1/15, 38/50, and 76.7/100, when K+ of the perfusion solution was increased to 15, 50, and 100 mM. Similar findings were reported by ZEUTHEN and MONGE (1974) in rabbit ileum and WHITE (1976) in amphiuma small intestine. This difference can probably be attributed to unstirred layers consisting of tightly-bound connective tissues, by which an immediate in- This question still remains unanswered in the present experiment, and so the aK° measured was used for the practical EK calculations.
DISCUSSION
In the present study, the intracellular K+ activity was measured with two types of K+ selective microelectrodes, double-barreled and single-barreled. As shown in Table 1 , no significant differences in the values of aKi and Em were obtained with these two types of electrodes. The single-barreled K+ electrode should have a considerably smaller tip, so that less damage to the membrane is expected as compared with the double-barreled K+ electrode. However, the comparison revealed that the double-barreled K+ electrodes could yield reliable intracellular information without causing irreversible damage to the membrane that would lower the Em and aKi. Additionally, Em values obtained in the present experiment are consistent with the previously published in vivo data (IMAI, 1965) .
The activity coefficient for the intracellular K+ given here was 0.67, which did not show any substantial difference as compared with that of physiological saline (r=0.73), suggesting that virtually all K+ in the cell existed in a freely diffusible and osmotically active form. Similar findings were reported by POULSEN and OAKLEY (1978) in mouse submandibular gland. Our result was in good agreement with their aKi/CKi ratio value, however their measured aKi value was significantly higher than that observed in canine. SCHNEYER and SCHNEYER (1960) estimated the intracellular K+ concentration in the mouse submandibular gland to be 156 mM. However, smaller values have been found in canine submandibular gland cell (123 mM, IMAI, 1965; 115 mM, SASAKI et al., 1983) . Therefore, the differences of aKi would probably be explained by species difference.
As seen in Table 2 , 4Em tended to decrease as the extracellular K+ increased, and it finally approached zero when Em became equal to EK. ACh-induced reduction of aKi is apparently due to an increase of membrane permeability to K+, by which the resting membrane potential hyperpolarized.
When we assumed that the extracellular space and water percentage of the whole gland were 23 % (IMAI, 1965) and 76 % (Table 1) respectively, the intracellular water fraction of the gland would be 53 %. Also, the cell volume was assumed unchanged during stimulation, and the product of the rate of the change of intracellular ion concentration and the cellular water content gives an ionic flux across the cell membrane. The maximum change in CKi estimated upon stimulation was -48 .6 mM/min. This corresponds to a value of maximum K+ efflux from the cell, by -25.8 µM/(min . g). This value was in good agreement with the data obtained with an in vitro perfusion experiment (GOTO, 1980) in which the K+ effiux was -(15-20) ,LM/(min . g) through the basolateral membrane and approximately -6 ,uM/ (min . g) across the luminal membrane. From Goto's data and ours presented here, it can safely be stated that the K+ efflux through the basolateral membrane is approximately -20 f M/(min . g). This efflux is equivalent to the electric current of 32.2 mA/g. The outward driving force for K+ (d Pg/F) is given by
In the stimulated states, the dflg/Fwas calculated to be +24.5 mV (Table 2 and where ti is a transport number of ion species "i," and has a relation, ti=gi/ gi.
Z
Ei is the equibrium potential of ion speces "i." EK values in the different conditions were obtained from the present data (Table 2 ) and the data previously published was used for E01 calculation (aC1=27.1 mM, MORI et al., 1983) . The activity coefficients for intra-and extra-cellular Na+ were assumed to be 0.67 and 0.73, respectively. The aNa was calculated from the data obtained with chemical analyses (Table 1) . When the K+ in the perfusate was elevated, the extracellular Na+ concentration near the cell was estimated by assuming Na+K=0.1465 M and intracellular Na+ concentration always being constant. With the assumption (tK+ tNa+tc1=1), Eq. 3 can be modified as follows:
Em=(EK ENa)'tK+(EC1+ENa)'tC1+ENa ,
then, ((Em ENa)/(EC1TENa))-((EK ENa)/(EC1TENa))'tK-tC1 ,
or Y=tK'X-tcl,
where Y=((Em-ENa)/(Ec1+ENa)), X=((EK-ENa)/(EC1+ENa)) and the slope and Y -intercept of Eq. 6 represent tK and tC1, respectively. The lines were determined using the linear regression fitting (Fig. 5) and tK, tNa, and tC1 were sequentially estimated (Table 3) . Since GoTo (1980) has reported the K+ conductance of the membrane at rest to be 0.018 S/g, the membrane conductance for Nat, K+, and Cl-under both conditions can be calculated from each transport number and gK value (Table 3 ). Our present results confirmed that the gK and Na of the basolateral membrane increased during the cholinergic stimulation (IMAI, 1965; PETERSEN, 1972) , and also suggested that the increase of g01 of the membrane occurred simultaneously.
